The improvement on the Imaging Air Cherenkov Technique (IACT) led to the discovery of a new type of sources that can emit at very high energies: the gamma-ray binaries. Only six systems are part of this exclusive class. We summarize the latest results from the observations performed with the MAGIC telescopes on different systems as the gammaray binary LS I +61 • 303 and the microquasars SS433, V404 Cygni and Cygnus X-1, which are considered potential VHE gamma-ray emitters. The binary system LS I +61 • 303 has been observed by MAGIC in a long-term monitoring campaign. We show the newest results of our search for super-orbital variability also in context of contemporaneous optical observations. Besides, we will present the results of the only super-critical accretor known in our galaxy: SS 433. We will introduce the VHE results achieved with MAGIC after 100 hours of observations on the microquasar Cygnus X-1 and report on the microquasar V404 Cyg, which has been observed with MAGIC after it went through a series of exceptional X-ray outbursts in June 2015.
Introduction
The development of the new generation of IACTs and improved analysis techniques led to the discovery of a new class of binaries: the gamma-ray binaries. These systems emit high energy (HE:0.1-100 GeV) and/or very high energy (VHE≥100 GeV) gamma rays and their non-thermal emission peaks beyond 1 MeV in a spectral luminosity diagram. They are composed by a massive star and a compact object, either a neutron star (NS) or a black hole (BH). The discovery of this new type of binaries provide a new window to the study of particle acceleration, accretion (and ejection) processes and magnetized relativistic outflows. Up to now, only six systems can be classified as gamma-ray binaries, and the uncertainties on the nature of the compact object and the scenario to explain the gamma-ray emission still remain.
In order to address these questions, MAGIC has searched for VHE emission from binary systems for over a decade. The MAGIC telescopes are two IACTs of 17 m-diameter located on La Palma (Canary Islands, Spain), at the observatory of El Roque de Los Muchachos (28 • N, 18
• W, 2200 m above the sea level). The integral sensitivity above 290 GeV is (0.67 ± 0.04 )% of the Crab Nebula flux in 50 hours.
1 In this contribution, we summarize the latest results from the observations performed with the MAGIC telescopes on different compact binaries.
The gamma-ray binary LS I +61
• 303
LS I +61
• 303 is one of the few binary systems detected from radio to VHE gamma rays. It is composed of a B0Ve 2 star with a circumstellar disk and a compact object of unknown nature. It was first detected at VHE by MAGIC in 2006.
3 It shows an orbital period of 26.496 days and a super-orbital period of 1667 ± 8 days detected in radio 4, 5 and confirmed in optical and HE gamma-rays. 6 At Fermi-LAT energies, the super-orbital variability is almost invisible around the periastron, where the compact object is inside (or highly affected by) the Be circumstellar disk, but appears around apastron. This behavior can be explained in a transitioning pulsar-wind scenario 7 like the flip-flop model 8 where changes in the Be star mass-loss rate can cause the switching from propeller regime (at periastron) to an ejector regime (at apastron), when particles are accelerated to TeV energies in the inter-wind shock.
Similarly, we have searched for super-orbital modulation at VHE. For that purpose, we have performed observations between 2010 and 2014 (during the apastron phases, φ=0.5-0.75) and we have included archival (published) MAGIC and VER-ITAS data, to increase the statistics. We have detected super-orbital variability in the TeV peak of LS I +61
• 303 10 compatible with the 1667-day radio modulation at 8% probability, assuming a sinusoidal function. The long-term modulation is shown in Fig. 1 . The temporal evolution of flux yielded to a TeV period of 1610 ± 58 days (6% probability).
Furthermore, we have studied the possible correlation between the TeV flux measured by MAGIC and the Hα parameters measured with the LIVERPOOL optical telescope, to search for (anti-)correlation between the mass-loss rate of the Be star and the TeV emission. No statistically significant correlation was found for the sample at orbital phases φ = 0.75-1.0 (phases of sporadic VHE emission 9 ). However, a stronger correlation might be blurred due to the fast variability of the optical parameters on short timescales compared to the long exposure times required by MAGIC.
Search for VHE Emission from (high-mass) microquasars
VHE gamma-ray emission in microquasars can be produced via leptonic 11, 12 and hadronic 13 processes. This emission could arise close from the binary, due to inverse compton (IC) of thermal photons or synchrotron photons. It could also be produced due to the interaction between the jets and the surrounding environment.
SS 433
The eclipsing binary SS 433 is composed of a ∼10-20 M ⊙ BH 14 orbiting (P orb ∼ 13.1 days) an A3-7 supergiant star. It displays supercritical accretion onto the compact object via Roche lobe overflow and it shows two baryonic relativistic jets which have a precessional period of ∼162.4 days. SS 433 is embedded in the radio shell SNR W50. The jets interact with the shell in the eastern and western blobs. 15 HE emission has been detected with Fermi-LAT. 16 In a leptonic scenario, VHE gamma rays could be produced via IC scattering of ambient photons and emission from the extended accretion disk. 17, 18 In addition, synchrotron-self Compton and rela-tivistic Bremsstrahlung processes could also happen. 19 In a hadronic framework, interactions of relativistic protons in the jets can produce gamma rays through π 0 decay. 20 However, since the binary is embedded in a thick extended envelope, 21 the putative gamma-ray emission from the inner regions could be absorbed along ∼80% of the precessional cycle. 20 The minimum absorption is expected to happen at phases Ψ pre =0.9-0.1. VHE emission can also be produced at the interaction regions between the jets and the nebula.
Multi-year observations (2006-2011) of SS 433/W50 were conducted in a joint campaign with the MAGIC and H.E.S.S. telescopes, during the phases of low absorption. Data analysis were performed following the standard procedure for each instrument (see 22 for H.E.S.S. and 1 for MAGIC). No significant excess was detected neither from the central binary system nor from the interaction regions.
23 A daily-basis analysis did not revealed flaring emission. Differential upper limits (ULs) were computed for each observatory and combined using a maximum-likelihood ratio test (see Fig. 2 ). This ULs are compatible with the model by Ref. 20 and the HE emission detected by Fermi-LAT. In a hadronic framework, 20 with the ULs reported here, we can constrain the fraction of power carried by relativistic protons to be q p 2.5 × 10 −5 . In a leptonic scenario, VHE emission could be produced in the interaction regions due to the presence of electrons with energies up to 50 TeV. However, they might lose most of their energy through synchrotron emission due to magnetic fields B 20 − 25µG (according to the reported ULs), preventing an efficient gamma-ray production.
Cygnus X-1
Cygnus X-1 is the first identified stellar-mass black hole (BH) X-ray binary. The system is composed of a massive O9.7 Iab supergiant star 24 and a 25-35 M ⊙ BH.
25
It displays a highly-collimated one-sided radio jet which extends for 15 mas. 26 The system surrounded by a shell nebula composed of collisionally ionized gas which is detected in radio.
27 Cygnus X-1 shows orbital periodicity in X-rays and radio and a 300-day super-orbital period detected in X-rays. 28, 29 The binary displays the two principal spectral X-ray states of a BH transient: the hard state (HS), when the jet is steady and persistent (although some flaring might be present 30 ) and soft state (SS), when the jet is disrupted.
Cygnus X-1 has recently been detected at HE 31 with Fermi-LAT during HS. The emission is likely to be produced outside the corona, arising from the jets. Three transient episodes have also been detected with AGILE during HS and intermediate state.
32-34 A hint of emission at 4.1σ (post-trial) was observed with MAGIC in 2006 35 after 80 min of observations, simultaneously to a hard X-ray flare when the source was in HS and during superior conjunction.
MAGIC performed observations of the source for 100 hours between 2007 and 2014, mainly during HS. No significant excess was detected (for E≥200 GeV) for steady, orbital or daily basis emission.
36 The spectral energy distribution (SED) is shown in Fig. 3 . An orbital-phase analysis did not show any orbital modulation during HS (83 hours of observation) neither during SS (14 hours). Considering the total power emitted by the jets during HS, we can set an UL on the conversion efficiency of jet power to VHE luminosity, which is constrained to be 0.006-0.06%. With these results, we can rule out VHE emission from the jet large scale or from the interaction between the jet and surrounding medium above the sensitivity level of MAGIC, since it is not affected by gamma-ray absorption. However, particle acceleration up to TeV could still happen inside the jet in the binary region, but this emission would be below the MAGIC detection level. Hence, transient emission at binary scale (as the hint seen by MAGIC in 2006) can not be discarded. More sensitive instruments as CTA would be required to detect steady TeV emission.
Gamma-ray Burst alerts to follow up LMXBs: V404 Cygni
The microquasar V404 Cygni is a low-mass X-ray binary (LMXB) composed of a 8-15 M ⊙ BH and a ∼1 M ⊙ companion star.
?, 39 In June 2015, after 26 years in quiescence, the system displayed a major flaring episode in X-rays, reaching a flux about 40 times that of the Crab Nebula in the 20-40 keV energy band. 41 In the case of LMXBs, models predict TeV emission under efficient particle acceleration on the jets 11 or strong hadronic jet component.
42
MAGIC observations were triggered by INTEGRAL alerts via Gamma-ray Coordinate Network (GCN), allowing an automatic and fast re-pointing of MAGIC to the burst position. The binary was observed for 8 non-consecutive nights during 10 hours, covering the strongest hard X-ray flares. The selection of the flaring times for the MAGIC analysis were performed running a Bayesian block analysis on the INTEGRAL light curve, assuming that the TeV flares were simultaneous to X-ray flares, which led to a data set of 7 h. No significant emission was detected above 200 GeV and integral and differential ULs were computed. 43 On the night of 26th June, the jet environment dramatically changed and a hint of detection (at 4σ) was seen by Fermi-LAT. 45 MAGIC had 1 hour of simultaneous observations with the Fermi-LAT excess, but no VHE signal was detected. The SED of V404 Cygni displaying the differential ULs for the complete set of observations and for that on 26th June are shown in Fig. 4 .
If VHE gamma-rays are produced in V404 Cygni, they may annihilate via pair creation in the vicinity of the emitting region and strong gamma-ray absorption can occur at the base of the jets (r≤ 1 × 10 10 cm). At larger scales, VHE absorption is negligible, hence if VHE emission is produced it shall not be affected by pair production attenuation. In this case, we can constrain inefficient emission (0.003%) in the jets. Our results suggest either a low particle acceleration rate inside the jets or not enough energetics.
Summary
MAGIC has performed an extensive campaign in the search for VHE emission from compact binary systems. We can summarize our latest results as follows:
• MAGIC discovered super-orbital modulation in the VHE peak of LS I +61
• 303 the mass-loss rate of the companion star.
• No significant excess was detected in SS 433, neither from the central binary nor from the interaction regions with the W50 nebula. 23 We set constrains on particle acceleration efficiency and on the minimum value of the magnetic field.
• Cygnus X-1 was not detected at TeV and ULs for steady, daily and separated Xray states (including phase-folded analysis) were computed. 36 Interaction between jet and medium is discarded, however transient emission is still possible.
• The LMXB V404 Cygni was observed during the June 2015 major outburst, but no emission was detected, 43 which implies inefficient particle acceleration or not enough energetics.
